Abstract-We investigate the impact of threading dislocation densities on the photovoltaic performance of single-junction (1J) n + /p GaAs and dual-junction (2J) n + /p InGaP/GaAs solar cells on Si substrate. Using our calibrated model, simulation predicts an efficiency of greater than 23% for a 1J GaAs cell on Si at AM1.5G spectrum at a threading dislocation density of 10 6 cm −2 . The design of a metamorphic 2J InGaP/GaAs solar cell on Si was optimized by tailoring the 2J cell structure on Si to achieve current matching between the subcells, taking into account a threading dislocation density of 10 6 cm −2 . Finally, we present a novel and an optimized 2J InGaP/GaAs solar cell design on Si at a threading dislocation density of 10 6 cm −2 , which exhibited a theoretical conversion efficiency of greater than 29% at AM1.5G spectrum, indicating a path for viable III-V multijunction cell technology on Si.
Impact of Threading Dislocations on the Design dislocations can propagate into the photoactive cell region, significantly impeding the minority carrier lifetime and, hence, the overall cell performance [8] [9] [10] [11] .
The focus of this paper is to provide a systematic study on the correlation of threading dislocation density (TDD) and minority carrier lifetime on the single-junction (1J) and dual-junction (2J) cell figure of merits, namely, efficiency η, open-circuit voltage V oc , short-circuit current density J sc , and fill factor (FF). The schematic of the 2J InGaP/GaAs cell structure investigated in this paper is shown in Fig. 1 . As a starting point in our simulation, the base thicknesses in the GaAs and InGaP cell were set to be 2.5 and 0.9 μm, respectively [1] . We then discuss our design methodology to engineer the metamorphic 2J InGaP/GaAs cell structure on Si to achieve the current-matching condition between the subcells at a TDD of 10 6 cm −2 . The results from our detailed cell modeling provide a quantitative assessment of solar cell figures of merit as a function of TDD, thus enabling more efficient cell design and prediction of the metamorphic 2J cell performance on Si.
The impact of TDD on cell performance has been previously investigated [9] [10] [11] [12] [13] [14] ; however, their analysis was limited to only 1J GaAs cell on Si. For modeling the impact of TDD on V oc , J sc was assumed to be independent of TDD [13] . In reality, J sc decreases with an increase in TDD and may have a significant impact on the extraction of efficiency. Recently, the 2156-3381/$31.00 © 2012 IEEE impact of minority carrier lifetime on cell performance has been investigated for InGaN cells on Si [15] . The effect of dislocations in metamorphic III-V tandem cells has also been investigated but without incorporation of a substrate [16] . There has not been significant work done on the modeling-assisted design of metamorphic tandem solar cells incorporating the impact of TDD. This paper provides the first study on the modeling and the optimization of metamorphic 2J n + /p InGaP/GaAs solar cell on Si at AM1.5G spectrum using finite element analysis without assuming a constant J sc .
II. SIMULATION MODEL
Minority carrier lifetime is one of the most important figure of merit for the design of metamorphic solar cells. Defects and dislocations generated at the III-V/Si heterointerface may serve as recombination centers and decrease the minority carrier lifetime and, hence, their diffusion length. The effective minority carrier lifetime (τ n or τ p ) in a lattice-mismatched system varies as a function of TDD (f (τ TDD )) [12] , [24] and is expressed as
where τ 0 p and τ 0 n are the minority carrier lifetime for a dislocation free material. The τ TDD is the minority carrier lifetime associated with the recombination at dislocation and can be expressed as
where D is the minority carrier diffusion coefficient, and TDD is the threading dislocation density in cm −2 . Using the model described previously, coupled with the material parameters summarized in Table I , we computed the impact of TDD on the minority electron lifetime in p-GaAs and p-InGaP base, as shown in Fig. 2 . Impact of TDD on minority carrier lifetime has been previously investigated in GaAs material [13] . From Fig. 2 , it can be noted that for TDDs greater than 10 4 cm −2 in GaAs subcell, the minority electron lifetime significantly degraded. The onset of degradation in minority electron lifetime occurs at a higher TDD (10 5 cm −2 ) in InGaP subcell compared with GaAs subcell due to the lower electron diffusion coefficient in p-InGaP material. By utilizing the minority elec- tron lifetime variation as a function of increasing TDD, coupled with the material parameters incorporated from Table I , we simulated the impact of TDD on the performance of 1J GaAs and 2J InGaP/GaAs solar cells on Si [23] . The experimental lifetime values for p-GaAs (red) and p-InGaP (green) are included in this figure [19] , [25] , indicating an excellent agreement between the model and the experiment.
In a solar cell, most of the light is absorbed in the thick base and the minority carriers generated far away from the junction should have sufficient lifetime to reach the junction before being recombined. Therefore, the variation of the minority electron lifetime in the base τ n was found to have a significant impact on the cell performance. The minority hole lifetime τ p in the thin emitter was considered to be constant. The surface recombination velocity (SRV) was set to 10 4 cm/s for both holes S p and electrons S n at InGaP base/back reflector interface and emitter/window interface. The corresponding S n and S p values were set to 10 6 cm/s at both the interfaces in the GaAs subcell. In our model, the mobility of minority carriers was assumed to be independent of TDD [24] , and the effect of bandgap narrowing and grid shadowing was not included. Therefore, the analysis discussed in this paper provides an upper bound for the modeled cell results.
We calibrated our model with the 2J InGaP/GaAs cell structure in [26] and [27] . A τ n value of 5.2 ns in p-InGaP was reported in [26] . This value of lifetime corresponds to a TDD of 4×10 5 cm −2 , as shown in Fig. 2 . Since the value of τ n in p-GaAs was not provided, a τ n value of 3.3 ns was used from Fig. 2 . The simulation results are compared with the experimental results in Table II . Overall, the simulated and the experimental values presented in Table II are in agreement, thus validating our model and the parameters utilized in the simulation.
III. RESULTS AND DISCUSSION
This section is divided into four subsections. In Sections III-A and B, the impact of minority carrier lifetime degradation on the performance of 1J GaAs cell on Si and 2J InGaP/GaAs cell on Si is discussed, respectively. Section III-C describes our design methodology to engineer the 2J InGaP/GaAs cell structure on Si to realize current matching between each subcell at a TDD of 10 6 cm −2 . Finally, Section III-D will discuss the impact of surface recombination on the 2J cell performance.
A. 1J GaAs Cell on Si
The p-GaAs base thickness in the 1J n + /p GaAs cell on Si was set to 2.5 μm. The TDD in this GaAs cell was varied from 10 4 to 10 8 cm −2 . At a TDD of 10 6 cm −2 , the minority electron lifetime in p-GaAs was calculated to be 1.49 ns, as shown in Fig. 2 , consistent with the experimentally determined minority electron lifetime of 1.5 ns in p-GaAs [19] .
Voltages at maximum power point V m and V oc were plotted as a function of increasing TDD in the 1J GaAs cell on Si, as shown in Fig. 3(a) . At lower TDD, the higher value of both V oc and V m was attributed to the higher minority electron lifetime in the p-GaAs base. TDD below 10 5 cm −2 had a negligible impact on the V oc . However, beyond this TDD, V oc started to degrade significantly. V oc has a logarithmic dependence on reverse saturation current density J 0 , which is inversely proportional to the minority carrier lifetime. Thus, at higher TDD, significant degradation in both V oc and V m was attributed to the higher reverse saturation current density pertaining to the reduced minority electron lifetime.
Current densities at maximum power point J m and J sc were plotted as a function of TDD in the 1J GaAs cell on Si, as shown in Fig. 3(b) . For a TDD below 4×10 5 cm −2 , the minority electrons had sufficient lifetime to reach the junction before being recombined, and hence, TDD below 4×10 5 cm −2 had a negligible impact on the J sc . For the 1J GaAs cell considered here, a τ n value of at least 0.78 ns (at a TDD of 2×10 6 cm −2 ) was necessary for the cell to function as a short diode. Beyond a TDD of 2×10 6 cm −2 , the cell behaved like a long diode with the electron diffusion length becoming shorter than the GaAs base thickness. Thus, beyond a TDD of 2×10 6 cm −2 , the degradation in both J sc and J m was attributed to the reduction in minority electron lifetime. Interestingly, from Fig. 3(a) and (b), it can be seen that the beginning of degradation in J sc occurred at a higher TDD than V oc , indicating that J sc is more tolerant to TDD in the 1J GaAs cell on Si. Fig. 3(c) shows the degradation in efficiency of the 1J GaAs cell on Si as a function of increasing TDD. It can be seen that cell efficiency higher than 25% was attained for TDD below 2×10
5 cm −2 (or τ n greater than 5 ns). However, the cell effi- ciency significantly degraded beyond a TDD of ∼10 5 cm −2 due to the reduction in both J m and V m , as discussed earlier. At an experimentally realistic TDD of 10 6 cm −2 [28] , the corresponding cell efficiency was found to be 23.54%, while at a higher TDD of 10 7 cm −2 , the corresponding cell efficiency degraded to 19.61% due to the reduction in the minority electron lifetime.
The FF as a function of an increase in TDD was plotted in Fig. 3(d) . There was almost negligible drop in the FF below a TDD of 10 5 cm −2 . The percentage drop in both J m and V m from a TDD of 10 4 -10 8 cm −2 was greater than the percentage drop in J sc and V oc , respectively, as can be seen from Fig. 3(a) and (b). Thus, at higher TDD, a greater percentage drop in the J m ×V m product compared with J sc ×V oc led to the degradation in the FF.
B. 2J InGaP/GaAs Cell on Si
For the analysis of metamorphic 2J n + /p InGaP/GaAs cell on Si, the base thicknesses in the GaAs and InGaP subcells were set to 2.5 and 0.9 μm, respectively. The TDD was varied from 10 5 to 10 8 cm −2 , and it was assumed that all the threading dislocations in GaAs bottom subcell propagated to the top InGaP subcell. Fig. 4(a) shows the degradation in both V oc and V m as a function of increasing TDD in the 2J InGaP/GaAs cell on Si. The primary reason for the decrease in V oc was due to the strong dependence on the reverse saturation current density J 02 associated with the depletion region recombination. The V oc can be expressed as
where J 02 depends on the minority carrier base lifetime τ base and is expressed as
where n i is the intrinsic carrier concentration, and W D is the depletion layer width. At higher TDD, the value of J 02 increased due to the reduction in minority electron lifetime. Thus, the increase in J 02 led to significant degradation in both V oc and V m with increasing TDD. The J sc and J m in the 2J InGaP/GaAs cell were plotted as a function of an increase in TDD in Fig. 4(b) . The degradation in both J sc and J m at higher TDD was due to the simultaneous reduction in the minority electron lifetime in both GaAs and InGaP base. The onset of degradation in J sc in 2J cell configuration was also found to occur at higher TDD compared with V oc , similar to the 1J GaAs cell, which was discussed earlier. Thus, J sc was more tolerant to TDD compared with V oc for both 1J GaAs and 2J InGaP/GaAs cells on Si, which is consistent with prior work [14] . in the 2J structure, the corresponding 2J cell efficiency was 26.22%. Beyond a TDD of 10 6 cm −2 , the degradation in minority electron lifetime in the p-GaAs significantly hindered the 2J InGaP/GaAs cell efficiency as p-GaAs material was found to be more sensitive to dislocations than the p-InGaP (see Fig. 2 ). Above a TDD of 10 7 cm −2 , the 2J InGaP/GaAs cell efficiency degraded to that of 1J GaAs cell efficiency, thus making the contribution of the top InGaP cell redundant.
The J-V characteristics of the 2J InGaP/GaAs (red curve) cell, the GaAs subcell (blue curve), and the InGaP subcell (pink curve) were plotted in Fig. 5 at a TDD of 10 6 cm −2 . It can be seen that the subcells were not current-matched and the bottom GaAs subcell limited the J sc in the 2J cell configuration. In practice, it is challenging to improve the material quality of heteroepitaxial GaAs grown on Si to lower the TDD significantly below 10 6 cm −2 . Consequently, it becomes extremely important to optimize the metamorphic 2J InGaP/GaAs cell structure on Si at a realistic TDD of 10 6 cm −2 by tailoring the design of each subcell.
C. Current Matching in 2J InGaP/GaAs Cell on Si
In a multijunction cell, one of the most important design criteria is to achieve the current matching between the subcells. Current matching enables us to extract the best performance from a multijunction cell. The cell with a higher bandgap provides a higher V oc and a lower J sc . For achieving the current-matching condition, ideally, J m between each subcell should be matched. Here, we used J sc for current matching as J sc is a directly measurable parameter during cell characterization, and it has been widely used for current-matching analysis [2] , [29] .
The subcells in our 2J configuration were not currentmatched, as shown in Fig. 5 . Therefore, appropriate design changes in our 2J cell structure were required to realize the current-matching condition between the subcells. In a solar cell, most of the light is absorbed in the thicker base layer, and hence, the minority carrier lifetime in the base plays a critical role in determining the current density contribution from a cell. Thus, we optimized the base thicknesses in the GaAs and the InGaP subcells to achieve current-matching condition at an experimentally realistic TDD of 10 6 cm −2 [28] . At this TDD, the values of τ n were 1.494 and 3.171 ns in the p-GaAs and the p-InGaP base, respectively, as calculated in Fig. 2 .
We first varied the thickness of p-InGaP base from 1.1 to 0.3 μm in a 1J InGaP cell configuration. This is represented by the blue curve in Fig. 6(a) . Then, in the 2J cell configuration, the thickness of p-InGaP base was again varied over the same range with the GaAs base thickness set to 1 μm (pink curve), as shown in Fig. 6(a) . The same procedure was repeated for the GaAs base thickness of 2 (black curve) and 3 μm (red curve). The InGaP cell structure was the same in both the 1J InGaP and the 2J InGaP/GaAs cell configurations. It can be seen that thinning the base thickness in the 1J InGaP cell lowered the J sc due to reduction in the absorption depth for the photons to be absorbed in the p-InGaP base. Interestingly, thinning the InGaP base thickness in the 2J cell configuration allowed more photons through to the bottom GaAs subcell, resulting in an increase of J sc from the GaAs subcell at the cost of reduction in J sc from the InGaP subcell. This resulted in the overall increase in J sc of 2J cell as the bottom GaAs subcell limited the J sc in the 2J cell configuration. Furthermore, as the top cell base was being thinned, increasing the base thickness of the bottom GaAs subcell allowed for additional photons through to the GaAs subcell. This led to further improvement in the overall J sc of the 2J cell. However, further increment in the GaAs base thickness beyond 2 μm did not result in significant improvement of J sc . This was likely due to insignificant photocurrent contribution from the GaAs subcell beyond a base thickness of 2 μm.
Utilizing the method discussed previously, the currentmatching condition was realized at point A (J sc = 13.5 mA/cm 2 ) and B (J sc = 14.18 mA/cm 2 ), as shown in Fig. 6(a) . The J-V characteristics of the 2J cell and the individual subcells corresponding to the point B were plotted in Fig. 6(b) . At point B, the 2J cell exhibited a conversion efficiency of 29.62% with a 2-μm and a 0.38-μm-thick GaAs and InGaP base, respectively. The cell parameters extracted after achieving the current-matching condition between the two subcells at a TDD of 10 6 cm −2 were summarized in Table III . These results illustrate that even at a TDD of 10 6 cm −2 , an efficiency of greater than 29% can be realized for a metamorphic 2J InGaP/GaAs solar cell on Si by carefully engineering the cell design. To further verify the results from this simulation study, experimental work is underway.
D. Impact of Surface Recombination on 2J InGaP/GaAs Cell
Interface recombination could be a major factor that limits the performance of a tandem cell. Recombination at top cell interfaces was found to have the most detrimental impact [20] . In our design, the thickness of the top InGaP subcell was significantly reduced; hence, it was important to analyze the impact of SRV on the overall 2J cell performance. Fig. 7 shows the impact of SRV at top InGaP subcell interfaces on the 2J cell η and J sc . Initially, all the SRVs were set to 10 0 cm/s at all the interfaces in the GaAs and the InGaP subcells. Thereafter, the SRV was set to 10 6 cm/s in the GaAs subcell, while the SRV in the InGaP subcell was varied. It can be seen that the SRV, when below 10 4 cm/s in the InGaP subcell, had negligible impact on the efficiency of the 2J cell. However, the efficiency dropped to 27.35% at an SRV of 10 6 cm/s due to degradation in J sc . Thus, it is important to restrict the SRV below 10 4 cm/s in the InGaP subcell to achieve high-efficiency 2J InGaP/GaAs cell on Si.
IV. CONCLUSION
We have investigated the impact of TDD on the performance of 1J n + /p GaAs and 2J n + /p InGaP/GaAs cells on Si at AM 1.5G spectrum. The analysis indicates that in a 1J GaAs cell on Si with a 2.5-μm-thick GaAs base, an efficiency of greater than 23% can be realized at a TDD of 10 6 cm −2 . For both 1J and 2J cell configurations, the onset of degradation in V oc was found to occur at a lower TDD than in J sc , indicating that V oc was more sensitive to TDD.
The 2J InGaP/GaAs cell at a TDD of 10 6 cm −2 exhibited an efficiency of 26.22% with a 2.5-and 0.9-μm-thick GaAs and InGaP base, respectively. The design of the 2J InGaP/GaAs cell on Si was optimized at a TDD of 10 6 cm −2 to achieve current matching between the two subcells. By thinning the top InGaP cell from 0.9 to 0.38 μm, the 2J cell efficiency increased to 29.62% from 26.22%. In addition, at the interfaces in the top InGaP subcell, the SRVs below 10 4 cm/s had negligible impact on the 2J cell performance. Thus, even in a lattice-mismatched 2J InGaP/GaAs cell on Si with TDD of 10 6 cm −2 , a theoretical conversion efficiency of greater than 29% at AM1.5G is achievable by tailoring the device design. Once experimentally realized, the III-V cell technology on Si would offer a new paradigm for the advancement of low-cost III-V solar cells and foster innovative avenues for both space and terrestrial applications. He has more than 115 technical publications and refereed conference proceedings and holds 34 patents. His current research at Virginia Tech focuses on heterogeneous integration of compound semiconductors and Ge on Si for ultralow power logic and photovoltaics. His research interests include III-V compound semiconductor epitaxy, defect engineering in nanoscale, metamorphic buffers, devices for sustainable energy-related applications, including thermophotovoltaics and III-V and Ge quantum well and tunnel field-effect transistors.
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